INTRODUCTION
The development of new DNA sequencing technologies, such as next-generation sequencing (NGS) and singlemolecule sequencing, has enabled the research of genomics and functional genomics to advance to new levels (1, 2) .
Due to the dramatic reduction of sequencing cost and increase of sequencing efficiency, these new high-throughput sequencing technologies have become effective and routine applications in the 'resequencing' of individual genomes for detecting sequence variation between the individual and the reference genome (3) . Resequencing individual genomes can facilitate the investigation of the relationship between sequence and phenotypic variations. To date, several personal human genome sequencing data have been released (2, (4) (5) (6) . Sequencing of individual human genomes is believed to provide molecular basis for personalized medicine. Furthermore, more resequencing data are being generated from various organisms. Individual genome resequencing in animals such as mouse and pig, and in plants such as rice, maize and soybean, has proven to be extremely powerful in investigating genome variations, such as single nucleotide polymorphisms (SNPs), deletions, insertions and rearrangements.
However, how to store and manage the huge amount of sequencing data has become a challenge to biologists. For example, the storage of one 2009 human reference genome (i.e. UCSC hg19 assembly) requires up to 905 MB with the tar.gz compression format (7) . Thus, a total of 90 500 MB (nearly 88.38 GB) hard disk storage space with the tar.gz compression format would be required to store data for 100 individuals in genetic disease studies. It is noteworthy that different individuals within one species share higher consensus nucleotide sequence; for example, human has 99.9% common genome sequence with DNA sequencing errors of 0.01% (8, 9) . Moreover, the electronic transfer of sequencing data is a bottleneck, even though some tools have been developed to compress the files and increase the network bandwidth.
Currently, several methods for compressing genomic sequence data have been reported (10) (11) (12) (13) . However, these compression tools can not process the genome sequence data without the reference SNPs map or information about sequence variations, such as insertions or deletions.
Here, we present a general Genome ReSequencing (GRS) tool for storing and managing the individual genome resequencing data without having to rely on known reference SNPs maps or other information on sequence variation. We demonstrate the power of this GRS tool in processing genome resequencing data, using whole genome sequencing data sets from human and the model plants Arabidopsis and rice.
MATERIALS AND METHODS

Data set
Data sets used to test GRS include KOREF_20090131 and KOREF_20090224, two of the first Korean personal genome sequences (4), and two different versions of the reference genome sequence from Arabidopsis thaliana (TAIR8 and TAIR9) and rice (TIGR5 and TIGR6) (14-16), respectively.
Software availability
GRS is implemented in C and Shell. It will be freely available for non-profit use. The source code and its executable file are available at http://gmdd.shgmo.org/ComputationalBiology/GRS.
Architecture of the GRS tool
The main modules in GRS connect the input chromosome file, the intermediate data and the final compressed file. The architecture of GRS is shown in Figure 1 . When an individual genome sequence data needs to be compressed, GRS first evaluates each chromosome varied sequence percentage () based on the reference chromosome. Then it filters the longest identical nucleotide sequence and extracts the different sequence ( 0.03), and precodes the different sequence file that has been generated to reduce the file size. Then, GRS uses the Huffman coding strategy to compress the reduced different sequence file to the bz2 type file and generates the command file to decompress the compressed file. If 0.03 0.1, GRS will cut chromosome into n pieces and calculate each different rate i ð1 i nÞ to find the position with minimal P i , then compress each piece with the same strategy as the one used for 0.03. Individual genome sequence data that has been compressed using GRS can be later decoded easily with the GRS decoding tool.
Evaluation of individual genome sequence variation
Higher percentage of nucleotide sequence variation from the reference genome leads to longer time to run GRS and results in larger compressed file for an individual genome. When the individual genome sequence data needs to be compressed, GRS checks whether the users use the correct reference chromosome data, quantifying the percentage of varied nucleotide sequence in an individual genome is thus required. Here we used the following method to calculate . We used the formula ¼ P 9 i¼0 c i =t, where c i means the number of different nucleotide sequence between the individual and the reference; i means the type of nucleotide; including A, T, C, G, N, a, t, c, g and n; t means the total DNA base number in the reference genome sequence data.
Recording the longest common local nucleotide sequence and the changed sequence
It is reported that finding and recording the varied nucleotide sequence of two sequences equals to finding their longest common local sequence (17) . Using a matrix graph, the longest common sequence can be extracted effectively. Taking two sequences 'gaNGCTA' and 'gNGTNA' as an example, their longest common sequence is 'gNGTA'. That is to say that each nucleotide of 'gaNGCTA' in x-axis is used to compare with the whole sequence of 'gNGTNA' in y-axis, and each common nucleotide in y-axis direction will be marked with a red circle, after the base by base comparison the longest common sequence will be marked in the whole matrix (Supplementary Figure S1) . GRS can find the minimal changes between two genome sequences using the modified UNIX diff program (18) . Figure 2a shows the module of presenting the raw information on sequence difference between the individual and the reference sequences generated based on the modified UNIX diff program. When processing the varied sequence information, the '>', '<' and the '\n' between adjacent nucleotides is removed by GRS (Figure 2b ). Then 'a' (add) is converted to 'i' and 'c' (change) to 'h'. In addition, the base information below the 'd' (deletion) can be removed since the deleted sequence information can be extracted based on the sequence position such as N5 and N6 (Figure 2a and b) . Also, the '-' and the highlighted bases can be removed because these sequences can be recovered by using the sequence at N9 and N10 (Figure 2a and b) .
RESULTS
Huffman encoding for varied nucleotide sequence information and individual genome sequence rebuilding
Next, ',' is changed to '\t' and '\t' is added to each side of 'i', 'd' and 'h' by GRS to make the rebuilding language more readable by the computer. If there are two numbers at the side of 'i', 'd' or 'h', the second nucleotide position will be recorded using the subtracted number of the first nucleotide position to the second one. Therefore, at each side of 'i', 'd' and 'h', the number N5, N7, N9 and N11 is replaced by the subtracted number of their corresponding nucleotide position N1, N3, N5 and N7 to reduce the file size (Figure 2b and c) . Eventually, the individual genome sequence information can be recorded as the format shown in Figure 2c using Huffman coding (19) .
To encode the processed individual sequence data more effectively, each nucleotide sequence and its relevant number are recorded with the same binary value since it can be decoded uniquely with the help of 'i', 'd' and 'h'. Table 1 shows an example of the encoding strategy using the varied sequence information of A. thaliana chromosome 1 with TAIR8 as the reference and TAIR9 as the individual genome, showing that the larger counts of the symbol are reduced to the shorter encoding value. Then the bit file is able to be generated to the char code, for instance, the taken bits '01000001' presents the corresponding ASCII code 'A'.
Performance of GRS
Performance of the GRS tool was tested in three cases. When two Korean genome sequence data (KOREF_ 20090131 and KOREF_20090224) were used (4), the raw file with 2986.8 MB in size (KOREF_20090224) was reduced to a 18.8-MB compressed file, achieving a 159-fold compression rate (Table 2 ). In addition, we also compressed the raw file of rice genome from 361.0 MB to 4.4 MB with the compression rate 82 fold (Table 3) , and 115.1 MB of A. thaliana genome to 6.5 KB with nearly 18 133 fold of compression (Table 4) . Furthermore, the good performance of GRS was revealed by the calculated compression and decompression time of these three genomes (Supplementary Table S1 ). 
DISCUSSION
With the advance of DNA sequencing technologies, more and more genome resequencing projects, such as the International HapMap Project and the 1000 Genomes Project, have been initiated (20, 21) . As a result, compression of the huge amount of genome sequencing data has become an important issue (10, 11 The verified sequence percentage of each chromosome, the size of raw sequence file and compressed file, as well as the compression rate are shown. Each DNA base and its relevant number are encoded with the same binary value based on the Huffman encoding strategy. Shown here is the encoding table for changes file generated for chromosome 1 of the A. thaliana genome using TAIR8 as reference and TAIR9 as the individual genome. Character d means delete sequence, h means change sequence and i means insert sequence. The verified sequence percentage of each chromosome, the size of raw sequence file and compressed file, as well as the compression rate are shown. The verified sequence percentage of each chromosome, the size of raw sequence file and compressed file, as well as the compression rate are shown.
sequences using the sequencing reads on basis of the reference genome (3, 4) , the current sequence compression tools are not very suitable for this purpose. Moreover, comprehensive reference SNPs maps are unavailable for many organisms such as rice, A. thaliana and other species, making it hard to compress these genome resequencing data using the available tools. In this study, we show that GRS is a de novo genome compression approach for compressing resequencing data, which is applicable to the genome data management of many species.
Varied sequence percentage plays a critical role in compressing the genome resequencing data. GRS employs a novel approach to deal with the resequensing data, especially for those data sets with higher variation between the reference genome and the individual genome. The key point of GRS is to splice the reference chromosome and the input chromosome into the same intervals, and then calculate each corresponding pair of the varied sequence percentage i based on each nucleotide frequency. Subsequently, concatenating piece i to make the modified reference chromosome and modified input chromosome creates the minimum varied sequence percentage based on the i value ( Figure 3 ). Then the minimum change file can be compressed using GRS and the chromosome piece with a higher value of varied sequence percentage can be compressed using the general and routine file compression method such as 7-Zip. When the chromosome size is too big or the computer memory capability is limited, it is useful to splice the reference chromosome and the input chromosome data. In this study, GRS grouped each chromosome sequencing data of the Korean genome (4), into 50, 25 or 10 million per piece, respectively. Similar compression capabilities were obtained (i.e. file size is 19 MB), demonstrating the flexibility and reliability of GRS.
CONCLUSIONS
In this article, we designed and implemented a generic tool, GRS, for de novo compression of genome resequencing data. GRS is simple to use and does not need the reference SNPs map, thus can be widely used for many genomes, especially those without reference SNPs. Case studies using the sequencing data of human, rice and A. thaliana genomes have demonstrated the good performance of GRS in sequencing data compression.
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